Background: Diffusion kurtosis imaging (DKI) measures have been shown to provide increased sensitivity relative to diffusion tensor imaging (DTI) in detecting pathologies. Purpose: To compare the sensitivity of DKI-derived kurtosis and diffusion maps for assessment of low-grade gliomas (LGG). Study Type: Prospective study. Population: In all, 19 LGG patients and 26 healthy control subjects were recruited. Field Strength/Sequence: Echo-planar-imaging diffusion-weighted MR images (b-values 5 0, 1000, and 2000 with 30 diffusion gradient directions) were acquired on a 3T scanner. Assessment: Maps for mean, axial, and radial diffusivity (MD, AD, and RD) and kurtosis (MK, AK, and RK), and fractional anisotropy (FA) were evaluated in the tumor, perilesional white matter, and contralateral normal-appearing white matter regions. Statistical Testing: General linear models (GLM), Cohen's d for effect size estimates, false discovery rate (FDR) for multiple corrections, Cochran Q-test. Results: Pairwise differences were observed for all diffusion and kurtosis measures between the studied regions (FDR P < 0.001), except an FA map that failed to show significant differences between the lesion and perilesional white matter (FDR P 5 0.373). Effect size analysis showed that kurtosis metrics were found to be 18.8% (RK, P 5 0.144) to 29.1% (AK, P < 0.05) more sensitive in discriminating perilesional regions from the lesion than corresponding diffusion metrics, whereas AK provided a 25.0% (P < 0.05) increase in sensitivity in discriminating perilesional and contralateral white matter. RK was found to be the most sensitive to contralateral white matter differences between low-grade gliomas and controls, with MK and RK providing a significantly greater sensitivity of 587.2% (P < 0.001) and 320.7% (P < 0.001) than MD and RD, respectively. Data Conclusion: Kurtosis maps showed increased sensitivity, as compared to counterpart diffusion maps, for evaluation of microstructural changes in gliomas with a 3-6-fold increment in assessing changes in contralateral white matter. Level of Evidence: 2 Technical Efficacy: Stage 3
imaging (DWI) and DTI and has been shown to improve tumor grading in gliomas. [11] [12] [13] Infiltration of gliomas in the absence of changes on structural magnetic resonance imaging (MRI) has been reported, 14, 15 which complicates resection and reduces the efficacy of local radiation therapy. 16 There is therefore considerable interest in imaging measurements that may increase sensitivity for detection of tumor infiltration in regions beyond the MR visible boundaries of gliomas in order to provide a more complete assessment of the disease and potentially improve prognosis. DTI metrics have been shown to be most sensitive to changes of white matter architecture on a microscopic level and useful towards mapping of early invasive neuronal changes as a result of low-grade gliomas (LGGs). 17 The value of DKI for tumor grading has also been previously reported using measures in solid tumor region; however, few of these studies have studied microstructural changes in LGGs in the perilesional space and the contralateral normal-appearing white matter (cNAWM). Studies using DWI and DTI have shown changes in the cNAWM in subjects with high-grade gliomas (HGGs), with increased mean diffusivity (MD) and decreased fractional anisotropy (FA). [18] [19] [20] In a previous study, we showed that increased MD in cNAWM was associated with altered metabolite levels. 21 Further, DTI has also been shown to be useful in monitoring radiation-induced demyelination and mild structural degradation of axonal fibers after radiation therapy and has been postulated as a potential marker for assessment of radiation-induced white matter injury. 20 A few studies have examined DKI measures in the perilesional white matter (pWM) as compared to cNAWM, with Delgado et al finding that the largest changes between grade II and grade III glioma subjects were found with radial kurtosis (RK), 22 and Eubig et al showed that RK changes were 4-fold larger as compared to MD in cNAWM of patients with HGGs as compared to meningiomas. 23 Although changes in cNAWM or pWM in the presence of HGGs have been reported, these changes are sparsely reported in LGGs. In this study, the value of kurtosis metrics was compared to that of diffusion metrics in identifying changes in solid tumor regions, pWM, and cNAWM in LGGs.
Materials and Methods

Participants
Patients with histologically confirmed World Health Organization (WHO) graded LGGs were recruited for this study. Exclusion criteria included the presence of MRI-incompatible metallic objects in the field-of-view (FOV) and intolerance to gadolinium-based contrast agents. For comparative analysis, healthy normal control (NC) subjects were recruited from the local community. NC subjects completed a self-reporting questionnaire to indicate the absence of neurological or psychological disease or injury and all MRIs were confirmed to be without any structural abnormalities via visual inspection. Informed consent was acquired from each subject and the protocol was approved by the human subjects' research review boards.
MRI Protocol
Subjects underwent an MRI protocol at 3T (Siemens Medical Solutions, Erlangen, Germany) comprised of pre-and postcontrast enhanced T 1 
Image Processing
DKI data were processed using Diffusional Kurtosis Estimator (www. nitrc.org/projects/dke) 24 following skull-stripping using the Brain Extraction Toolbox (FSL 4.0, www.fmrib.ox.ac.uk/fsl). 25 The conventional diffusion measures were calculated by using the data obtained for b 5 1000 s/mm 2 . Diffusion maps were corrected for geometric distortion using Advanced Normalization Tools diffeomorphic registration tool 26 by registration of the averaged B0 image to the T 2 -weighted images. Maps for the mean, axial, and radial diffusivity (MD, AD, and RD) and FA, and DKI maps of mean, axial, and radial kurtosis (MK, AK, and RK) were evaluated for the study. All DTI and DKI maps were registered to the precontrast T 1 image using a rigid registration. 27 Volumes of interest (VOIs) were semiautomatically drawn in the solid region of the tumor using MIM Maestro (www.mimsoftware. com, MIM Software, Cleveland, OH). Initially, VOIs were created on FLAIR images using a Gaussian mixture model to automatically threshold regions of hyperintensity. FLAIR images were segmented using a mixture of three Gaussian distributions and the component with the largest mean value selected as the initial tumor region. Nontissue regions and cerebrospinal fluid (CSF) were excluded using CSFlabeled segmentation maps derived from T 1 WI using FSL FAST. 28 VOIs were finally edited manually to limit the VOIs to the gross tumor region, which is inclusive of the solid tumor and any surrounding edema. Any enhancing tumor regions seen in postcontrast T 1 WI MPRAGE images were inherently included in the tumor VOI since enhancement was not seen outside hyperintense FLAIR signal. A VOI for pWM was defined as a 1 cm wide band around the lesion VOI, 29, 30 limited to the WM. cNAWM regions were delineated in patients with
LGGs and NC using a semiautomatic segmentation approach using T 1 WI and FLAIR images. Steps included the estimation of the midsagittal plane of the brain on T 1 WI, 31 detection of the contralateral brain hemisphere, and delineation of a large contiguous region of WM in the contralateral hemisphere. The contralateral brain hemisphere was identified as the hemisphere of the brain with a larger WM volume. Tissue classification on T 1 WI images using FAST generally classifies tumor regions as gray matter (GM), rendering a higher WM volume on the contralateral side of the lesion. Finally, the cNAWM volume was selected as a contiguous WM region in the supraventricular region of the brain (top 6 cm of the brain). All cNAWM regions were visually verified. In Fig. 1a the steps of the semiautomatic algorithm for delineating the cNAWM are shown with cNAWM segmented in an example glioma subject ( Fig. 1b) and in an NC (Fig. 1c) . In Fig. 2 are shown the representative kurtosis and diffusion maps and the generated VOIs for an LGG subject.
Statistical Analysis
Average and standard deviation of MD, MK, AD, RD, AK, RK, and FA values were calculated for each VOI in the lesion, pWM, and cNAWM. A Shapiro-Wilk test was used to test for normality of the VOI data. General linear models (GLM) with repeated measures were executed and post-hoc pairwise comparisons were performed to estimate differences between VOIs of the lesion, pWM, and cNAWM in patients with LGGs. Cohen's d was calculated to report effect sizes as a measure of sensitivity for the pairwise comparison between two VOIs. 32 Regression analysis was carried out to test the correlation of diffusion and kurtosis measures in the lesion, pWM, and cNAWM in patients with LGGs and cNAWM in NCs to age. Finally, GLMs were used to estimate differences in diffusion and kurtosis metrics in the cNAWM between patients and NCs with age used as a covariate. The false discovery rate (FDR) corrected P-value of 0.05 was considered significant. For each GLM model, the partial eta-squared was calculated to provide an estimate of the effect size of each diffusion and kurtosis map.
To investigate if the effect sizes derived from counterpart diffusion and kurtosis metrics in the differentiation of VOIs in LGGs and cNAWM between LGGs and NC are significantly different, Cochran's Q test was employed. 33 All statistical testing was performed in SPSS v. 24 (Chicago, IL) and R. 34 
Results
Nineteen patients (nine females), mean age 48 6 13 years (range: 23-65 years), with
LGGs were recruited for this study.
Of the 19 gliomas, there were nine astrocytomas, six oligodendrogliomas, and three gangliogliomas with an unconfirmed differentiation for one glioma (male, 47 years). Eight subjects (42%) had received radiochemotherapy prior to imaging with a mean interval of 281 days (range: 32-1478 days) between the end of chemotherapy treatment and imaging. Twenty-six 
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Month 2018NC subjects (16 females), from age 26-60 years (mean age 39 6 12 years), were recruited for comparative analysis. Out of the 19 patient studies, six subjects (four astrocytomas, one oligodendroglioma, and one ganglioglioma) showed enhancement in postcontrast T 1 WI MPRAGE images. The extracted lesion, pWM, and cNAWM VOIs had an average volume of 40.9 6 42.6 cc (range: 1.5-179.8 cc), 49.2 6 32.8 cc (range: 9.0-108.5 cc), and 43.9 6 4.9 cc (range: 32.1-49.1 cc), respectively. NC subjects enrolled for comparative analysis showed an average volume of 42.5 6 3.9 cc (range: 36.5-49.8 cc) for delineated cNAWM VOIs.
In Fig. 3a are shown the average values of MD, MK, AD, RD, AK, RK, and FA for the lesion, pWM, and cNAWM. The Shapiro-Wilk test showed that the data followed a normal distribution for all diffusion and kurtosis metrics in all VOIs (in lesion, AD: P 5 0.722, MD: P 5 0.156, RD: P 5 0.467, FA: P 5 0.071, AK: P 5 0.521, MK: P 5 0.180, RK: P 5 0.058; in pWM, AD: P 5 0.209, MD: P 5 0.105, RD: P 5 0.214, FA: P 5 0.590, AK: P 5 0.786, MK: P 5 0.865, RK: P 5 0.977; in cNAWM, AD: P 5 0.224, MD: P 5 0.222, RD: P 5 0.319, FA: P 5 0.638, AK: P 5 0.678, MK: P 5 0.262, RK: P 5 0.879). Paired analysis showed significant pairwise differences between all VOIs (FDR P < 0.001), except for FA maps that failed to show significant differences between lesion and pWM (FDR P 5 0.373). Diffusivity metrics AD, MD, and RD showed a significant (P < 0.001) increase in the lesion and pWM compared to cNAWM, whereas kurtosis metrics (AK, MK, and RK) showed a significant (P < 0.001) decrease in both the lesion and pWM.
In Fig. 3b are shown Cohen's d values for the paired comparisons. For differences between lesions and cNAWM, both MD and MK maps show the highest effect sizes, with FA showing the least difference, while for differences between the lesion and surrounding pWM the MK and RK maps showed the highest effect sizes. In discriminating pNAMW and cNAWM, AK maps showed the greatest differences. Comparing corresponding metrics of diffusivity and kurtosis for the mean, axial, and radial components, the kurtosis metrics provided a nonsignificant 0.2% (Q 5 0.01, P 5 0.985), 9.0% (Q 5 1.02, P 5 0.313), and 0.6% (Q 5 0.01, P 5 0.955) increment in effect sizes for distinguishing lesions from cNAWM, respectively. The largest improvement in effect sizes using kurtosis measures over corresponding diffusion measures were obtained in discrimination of the lesion from surrounding pWM, for FIGURE 2: Example structural T 1 -weighted and FLAIR images; the studied region of interests in the lesion (green), perilesional white matter (pWM) (purple), and contralateral normal-appearing white matter (cNAWM) (pink); kurtosis maps of mean kurtosis (MK), axial kurtosis (AK), and radial kurtosis (RK); diffusion maps for mean diffusion (MD), axial diffusion (AD), and radial diffusion (RD); and fractional anisotropy (FA) for a 46-year-old male with oligodendroglioma.
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which kurtosis measures showed a 22.7% (Q 5 3.82, P 5 0.051), 29.1% (Q 5 3.96, P < 0.05), and 18.8% (Q 5 2.13, P 5 0.144) increase in effect sizes for the mean, axial, and radial components, respectively, relative to the corresponding diffusion measures. In contrast, for separation of pWM and cNAWM, the MK and RK showed a 5.2% (Q 5 0.32, P 5 0.575) and 3.8% (Q 5 0.05, P 5 0.821) decrement in effect sizes as compared to MD and RD, respectively, whereas AK showed a 25.0% (Q 5 6.31, P < 0.05) increase in discriminative power as compared to AD.
The average age of patients with LGGs was found to be significantly higher than NCs (P < 0.05). Results of regression with age are shown in Table 1 . Regression analysis showed that all diffusion and kurtosis measures, with the exception of FA, in cNAWM of patients with LGGs were significantly correlated with age. In contrast, no significant correlation with age was observed for the VOIs in the lesion or pWM. NCs demonstrated similar age effects as those seen in the cNAWM of patients with LGGs.
The two-tailed t-test showed no significant difference in cNAWM volumes between patients with LGGs and NC (P 5 0.292). Results of the GLM comparison of cNAWM in subjects with LGGs and NCs are shown in Fig. 4a . Significant differences between subject groups in cNAWM were seen for FA (FDR P < 0.02), MK (FDR P < 0.02), and RK maps (FDR P < 0.02).
In Fig. 4b are shown the effect sizes for diffusion and kurtosis maps in identifying differences in cNAWM of patients with LGGs as compared to NCs. It can be seen that kurtosis maps offer significantly greater differences, with RK maps being the most sensitive to differences in cNAWM. MK and RK provide a 587% (Q 5 26.29, P < 0.001) and 320% (Q 5 12.91, P < 0.001) larger effect size than MD and RD, respectively.
Discussion
This study evaluated the relative performance of diffusion and kurtosis metrics derived from DKI/DWI towards discriminating the tumor and surrounding regions in LGGs and investigated changes of these imaging measures in the cNAWM as compared to normal subjects. The results indicate that kurtosis maps have comparable performance for discrimination of regions of the LGGs as compared to conventional diffusion maps, but considerably greater sensitivity in assessing differences in cNAWM of subjects with LGGs as compared to NCs.
Significant differences were observed for all studied diffusion measures between values in the lesion and those from pWM and cNAWM, with MK and RK showing some advantage for discrimination of the lesion from the surrounding pWM. All kurtosis metrics showed a progressive increase in kurtosis metrics obtained from the solid lesion, pWM, and cNAWM. This finding, also observed in other studies, can be attributed to the lower cellularity accompanied by large cellular sizes resulting in a reduced extracellular space in the tumor region. 11, 13, 22 The resultant structural complexity in the lesion is thus lower than that of cNAWM, resulting in increased diffusion metrics accompanied by decreased kurtosis metrics in the lesion as compared to contralateral white matter regions. In addition to the solid region, the pWM also showed decreased kurtosis metrics than the surrounding white matter regions. This is consistent with the study of Delgado et al that showed significant differences in DKI metrics from the pWM as compared to cNAWM in a mixed group of 35 patients with grade II and III lesions. 22 The result shows that tumorigenesis effects in
LGGs are seen in surrounding WM regions, which has been demonstrated using histologic studies.
14 This study showed mean, radial, and axial kurtosis metrics to be more sensitive to diffuse changes in the pWM with larger effect sizes than corresponding diffusion metrics in delineating the pWM from lesion tissue, whereas AK provided the largest increase in effect size in discriminating pWM from cNAWM. This is contrary to the finding reported by Delgado et al that showed no significant differences in AK between pWM and cNAWM. 22 The discrepancy may be due to the heterogeneity in gliomas induced by the amalgamation of grade II and III gliomas in their study, which included 23 grades II and 12 grade III gliomas. Additionally, Li et al showed that MK was significantly higher in the tumor periphery as compared to the tumor center (consistent with findings in this study) and showed the highest sensitivity in detecting microstructural changes in patients. 35 This finding was also demonstrated in this study, where MK was found to be the most sensitive parameter for differences between the lesion and the pWM. A progressive increase in kurtosis metrics was seen in measurements obtained from the solid lesion, pWM, and cNAWM. This progressive trend denotes the fact that LGGs have the lowest cellularity and largest cellular sizes and therefore provide the fewest diffusion barriers, whereas cNAWM with its highly organized structure contains more diffusion barriers. 12 Correlation analysis with age demonstrated that a significant association was found between age and diffusion and kurtosis metrics in the cNAWM. Diffusion metrics have been shown to be highly correlated with age, 36 but kurtosis measures have been shown to demonstrate mixed effects in variations with age. 37 On the contrary, both diffusion and kurtosis metrics showed no correlation with age in either of the VOIs of the lesion or the pWM, which can be attributed to dysregulation in the vicinity of the lesion. Few studies have reported changes in the cNAWM of subjects with LGGs. Studies have shown disruptions in the NAWM with DTI, [18] [19] [20] [21] but DKI changes in the NAWM for
LGGs have been less studied. Eubig et al showed that RK images showed a 4-fold larger change in cNAWM of HGG patients as compared to subjects with meningiomas, and showed that RK images were the most sensitive in identifying infiltrative effects of HGGs. 23 The findings in this study are consistent with those found by Eubig et al showing RK to be the most sensitive parameter towards studying abnormalities in cNAWM. In contrast, Van Cauter et al found no significant differences in non-age-corrected parameter values in the cNAWM between LGG and HGG patients 13 and did not report age-corrected values in the cNAWM. In this study, age was found to be significantly correlated with diffusion and kurtosis measures in the cNAWM and inclusion of age in the statistical model may have contributed to highlighting differences in cNAWM using RK and MK. In this study, kurtosis metrics showed 3-6 times larger effect sizes in examining changes in cNAWM as compared to their counterpart diffusion metrics, a finding not previously reported, to the best of our knowledge in LGGs. The significant decrease in MK in NAWM of LGG patients, which is regarded as a sign of decreased microstructural complexity, can be attributed to increased water content due to underlying inflammation, demyelination, or axonal disorganization. The accompanying decrease in RK in the cNAWM of LGG patients suggests microstructural disruptions to the cellular membrane or demyelination rather than axonal degeneration indicated by a nonsignificant increment of AK. 38 The relative sensitivity of diffusion and kurtosis metrics were found to be different across all comparisons made in the study. For example, FA was found to be the least sensitive in identifying changes between the lesion and cNAWM and between the pWM and cNAWM, but was found to be highly sensitive in identifying differences between the cNAWM of patients with LGGs and NCs. This finding can be attributed to the complexity in the interpretation of FA, which is affected by various factors including axonal density, the degree of myelination, and fiber organization and orientation. 39 FA is often considered a direct marker of WM integrity, but this is an oversimplification. 40 Generally, FA values are reduced in the lesion and surrounding pWM, as also seen in this study. However, tumorigenesis effects in LGGs and surrounding pWM may affect one or more of the underlying factors that affect FA that can result in slightly increased apparent FA (eg, crossing fibers) and result in a lower sensitivity of FA in identifying changes in the lesion and pWM as compared to cNAWM. On the other hand, more specific perpendicular and parallel components of diffusion and kurtosis can be useful to isolate factors affecting the anisotropy, which can be a result of changes due to inflammation, demyelination, or axonal disorganization. This was seen in the study where AK showed increased sensitivity than RK for identifying changes in lesion and pWM as compared to cNAWM, but RK showed the highest differences in cNAWM between patients and controls. This shows that in the vicinity of the lesion, tumorigenesis results in axonal degeneration but primarily affects cellular membrane or demyelination in cNAWM. Limitations of this study include that the measurements were based on VOIs defined using the FLAIR images in the gross tumor region and may not include the whole tumor environment if it is not visible on FLAIR images, possibly introducing a selection bias. Furthermore, the imaging measures were averaged across a VOI, without regard to possible heterogeneity with the tumor. An additional limitation is the relatively small number of subjects, which meant that potential age-related influences on parameter estimation could be present, although to ameliorate age effects this study did use age as a covariate in GLM analysis. Another limitation that is a consequence of the small sample size is the inability to perform a separate analysis of the enhancing regions of the tumor (only six subjects with enhancement), limiting the analysis to the gross tumor region. Finally, radiotherapy has been shown to induce changes in the microstructural environment 20 and isolating the effects due to radiation treatment and primary gliosis are difficult, given the nature of the subject group.
In conclusion, the study showed that kurtosis metrics have comparable performance in the discrimination of regions of the LGGs as compared to conventional diffusion metrics, with kurtosis measures providing a slight advantage for discrimination of the lesion from the surrounding pWM. In addition, kurtosis measures offer considerably greater sensitivity (3-6-fold) in assessing the differences in the cNAWM of subjects with LGGs as compared to normal subjects.
